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SUMMARY 


In  this  study,  many  tests  on  lubricating  oils  have  been  considered  collectively 
and  not  as  separate  tests,  and  comments  are  made  on  the  significance  ot  the  data  with 
particular  reference  to  the  correlations  among  the  data.  Normally,  an  assessment  of 

the  significance  of  a test  is  accomplished  by  examining  the  correlation  of  the  test  with  i 

performance,  i.e.,  deciding  whether  a change  in  the  performance  of  an  oil  will  be 
predicted  by  a change  in  a laboratory  test  result.  In  this  report,  the  significance  of 
a test  is  assessed  by  considering  its  relationship  with  other  tests  and  not  from  a con- 
sideration of  performance  data.  Performance  data  of  the  quality  and  quantity  desired 
are  not  presently  available. 

The  tests  considered  include  some  of  the  common  inspection  tests  usually  em- 
ployed to  characterize  physical  and  chemical  properties  of  the  oils.  The  data  was 
retrieved  from  the  Laboratory  files.  Twenty-six  pieces  of  analytical  data  were  col- 
lected but  because  of  the  lack  of  data  on  all  the  samples,  13  items  were  finally  chosen 
for  the  study.  The  items  included  analytical  results  for  gravity;  flash  point;  viscosity 
at  210°F,  I00°F,  and  0°F,'  viscosity  index;  pour  point;  total  acid  number;  carbon,’ 
sulphur.'  sulphated  ash;  phosphorus,’  and  calcium. 


Three  statistical  techniques  have  been  used  to  analyze  the  data  and  to  examine 
the  interdependence  of  these  tests.  The  first  task  of  the  analysis  is  to  determine  the 
basic  distributional  characteristics  (descriptive  statistics)  of  each  of  the  variables  to 
be  used  in  the  subsequent  statistical  analysis.  Information  on  the  distribution,  vari- 
ability. and  central  tendencies  of  the  variables  provides  necessary  information  required 
for  selection  of  subsequent  statistical  techniques  and  constitutes  a basic  computer 
reference  document  for  the  entire  data  file.  The  mean,  for  example,  provides  a mea- 
sure of  central  tendency;  standard  deviation  and  variance  indicate  the  degree  of  dis- 
persion around  the  mean,  and  measures  such  as  skewness  and  Kurtosis  allow  one  to 
more  precisely  define  the  shape  of  the  variables’  distribution. 


The  analysis  of  the  descriptive  data  shows  a considerable  amount  of  variance  - 
the  data  does  not  cluster  around  the  mean.  The  standard  deviation  shows  large  values 
for  the  standard  deviation.  The  skewness,  which  takes  a value  of  zero  when  distribu- 
tion is  a symmetric  bell-shaped  curve,  and  a plot  of  the  data  for  gravity  show  departure 
from  a normal  distribution.  The  Kurtosis  further  shows  departure  from  a normal  dis- 
tribution. A positive  value  for  kurtosis  shows  a peaked  (narrow)  distribution.  A nega- 
tive value  shows  a flatter  distribution.  Both  positive  and  negative  values  exist  for 
Kurtosis  with  positive  values  (narrow)  predominating.  Conclusive  deductions  cannot 
be  made  from  the  descriptive  statistics. 
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lliv-  distinctive  characteristic  ot  tuctoi  analysis  in  i|n  data  icdiictioii  ..ip.il>iht\ 
Oiky  .m  array  ot  correlation  coelficients  in  obtained  lor  .1  set  ol  variables.  lactoi 
analysis  enables  one  to  see  whether  some  underlying  pattern  ot  relationslnps  exist 
such  that  the  data  may  be  arranged  or  reduced  to  a smaller  set  of  factors  or  compo- 
nents that  may  be  taken  as  source  variables  accounting  for  the  observed  interrelations 
in  the  data  I lie  results  of  the  factor  analysis  show  that,  of  the  total  vaiiance  in  the 
data.  S5‘«  of  the  total  variance  registered  for  the  I t elemental  pieces  of  data  is  ac- 
counted for  by  the  first  four  factors,  C.  I L . Viscosity  CIO"!-'.  IO°l  . 0"F  , VI),  and 
I AN  This  suggests  that  a relationship  between  these  lour  factors  will  define  per- 
formance parameters  of  the  lubrication  oils  Although  individual  parameters  such  as 
l KAM  and  SAII  1.7700).  C RAM  and  CA  ( 2I<>7>.  and  SAH  and  ( A | Sr>7»)  show 
good  dual  correlations,  then  el lects  on  the  total  vaiiance  are  small  (a  correlation  of 
I 0 is  perfect  correlation) 

Principal  component  analysis  was  employed  to  study  the  overall  relationship 
ot  groups  of  tests,  and  some  use  was  made  of  correlation  coefficients  and  Pearson's 
product  moment  correlations.  Principal  component  analysis  is  used  to  evaluate 
components  which  are  linear  combinations  of  the  original  tests,  and  the  analysis 
shows  how  main  independent  properties  are  being  measured  by  the  test  considered. 
All  the  solutions  employed  previously  extract  orthogonal  factors  for  the  matrix  m 
outer  ot  their  importance.  The  first  factor,  say  gravity,  greatly  affects  (loads)  on 
all  other  (actors.  In  the  principal-component  matrix,  the  variables  are  m turn  rotated 
•md  the  data  is  presented  in  graphical  form.  I'ach  possible  pair  of  factors,  including 
all  the  Id  items  of  data  considered,  is  orthogonally  rotated.  From  the  rotation,  one 
obtains  overall  relationship  of  groups  of  data.  For  example,  employing  gravity  : as 
the  horizontal  factor  and  Hash  point  2 as  the  vertical  factor,  elements  S.  o and  1 ' 
lorn,  a separate  group  to  elements  2.  10.  7.  Id.  and  d Hut  is.  Hash  point,  sulphur" 
total  acid  number,  pour  point,  and  viscosity  u\  10.  7.  Id.  d)  all  react  to  one  property 
ot  the  lubricating  oil  while  carbon,  sulphurated  ash.  and  calcium  (8,  0.  12)  react  to 
another  property  Similar  applications  can  be  made  with  other  plots,  and  when  dyna- 
mometer and  field  performance  data  are  included,  information  relating  the  three 
(lab  data,  dynamometer  data,  performance  data)  should  evolve. 


further  study  along  these  lines  is  indicated 


PREFACE 


The  inspiration  and  motivation  for  this  work  came  from  Mr.  Maurice  E.  LePera, 
Chief,  Fuels  & Lubricants  Division,  under  whose  general  supervision  the  tests  were 
performed. 

The  work  was  performed  under  Mission  Account  No.  A8H20EL0221. 
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G = Gravity,  API 

FL  = Flash  Point 

V}10  = Viscosity  @ 2 1 0°F 

V100  = Viscosity  @ 100°  F 

V0AP  = Viscosity  @ 0°F  (Apparent) 

V0F.X  = Viscosity  ("’ 0°F  (Extrapolated) 

V-jo  = Viscosity  @ -20°F  (Extrapolated) 

VI  = Viscosity  Index  (Calculated) 

pp  = Pour  Point 

stpp  = Stable  Pour  Point 

TBN  = Total  Base  Number 

TBNN  = Total  Base  Number 

TAN  = Total  Acid  Number 

CRAM  = Ramsbottom  Carbon  Residue 

SAH  = Sulphated  Ash  Residue 

S = Sulphur 

P = Phosphorus 

CA  = Calcium  (Additive) 

Ba  = Barium  (Additive) 

Zn  = Zinc  (Additive) 

NA  = Sodium  (Additive) 

K = Potassium  (Additive) 

N = Nitrogen  (Additive) 

Mg  = Magnesium  (Additive) 

B = Boron  (Additive) 

Other  = To  include  wear  and  contaminant  materials. 
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CORRELATION  STUDY  OF  LABORATORY 
PHYSICAL  AND  CHEMICAL  DATA  WITH  DYNAMOMETER 
ENGINE  SEQUENCE  PERFORMANCE  TESTING  OF  ENGINE  LUBRICATING  OIL 


I.  INTRODUCTION 

A lubricant  serves  a multitude  of  functions  in  many  mechanical  systems  among 
which  are  the  following:  (1)  prevention  of  friction  and  wear,  (2)  removal  of  heat 
from  the  lubricant-engine  system,  (3)  removal  of  contaminants  and  debris  from  the 
lubricant-engine  system,  (4)  transmission  of  power  in  hydraulic  systems,  and  (5)  pre- 
vention of  metallic  corrosion  in  the  lubricant-engine  system.  At  the  same  time,  the 
lubricant  must  be  compatible  with  a variety  of  gaskets  and  elastomers  employed  to 
seal  lubricant-engine  systems  to  protect  them  from  the  elements. 

It  has  been  established  and  adequately  documented  that  the  lubricants  required 
by  the  sophisticated  mechanical  system  and  power  plants  of  today  cannot  be  formulated 
by  simple  base  stocks  and  additives.  Lubricants  used  today  are  complex  mixtures  of 
base  stocks  incorporating  a combination  of  chemical  additives  to  achieve  the  desired 
performance  characteristics.  In  addition  to  base  stocks,  lubricants  contain  additives 
designed  to  effect: 

oxidation  inhibition 

cleansing  action  - detergents 

dispersing  action  - dispersants 

counteraction  of  extreme  pressure 

corrosion  inhibition 

depression  of  pour  point 

improved  viscosity 

rust  inhibition 

chatter  prevention 

squawk  prevention 

foam  prevention 

gelling 

thickening 

At  the  same  time,  lubricants  must  remain  homogeneous  over  broad  temperature  ranges. 

In  order  to  insure  that  lubricating  oils  meet  these  stringent  requirements  as  arc 
appropriate,  a number  of  laboratory  physical  and  chemical  tests  are  performed  for 
characterization,  quality  control  purposes,  and  evaluation.  The  laboratory  tests  include 
measurements  of  viscosity,  specific  gravity,  flash  point,  calcium,  sodium,  barium,  zinc, 
potassium,  carbon,  nitrogen,  magnesium,  sulphur,  ash,  base  number/acid  number,  pour 
point,  and  boron. 
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In  addition  to  the  laboratory  physical  and  chemical  tests  performed  on  candidate 
lubricating  oils,  engine  dynamometer,  multicylindcr  sequence  tests  are  also  performed 
to  evaluate  engine  oils.  I hose  tests  are  designed  to  evaluate  tendencies  toward  rusting, 
wearing,  oxidation  (stability),  ring  sticking,  corrosive  tendency,  and  accumulation 
ol  deposits  both  m the  crankcase  and  on  the  surface  of  the  mechanical  parts. 

I he  purpose  ot  the  work  reported  herein  is  to  seek  correlations  between  the 
laboratory  physical  and  chemical  test  data  and  the  performance  of  lubricating  oils 
m the  dynamometer  sequence  tests,  to  examine  the  interdependence  of  the  tests, 
and  tvonv  the  results  to  comment  on  the  significance  of  the  tests. 

II  BACKGROUND 

A number  ot  studies  have  been  made  on  lubricating  oil  base  stocks,  and  mcaning- 
lul  relationships  have  been  established  between  certain  measurable  properties.  The 
relationship  between  thermal  properties  and  inspection  tests  was  reviewed  by  Cragoe1 
m l‘>2'>.  Physical  properties  and  chemical  composition  were  summarized  by  Van  Nes 
uiul  V ,m  Western  and  Waterman  ' Van  Nes  and  Van  Wcsten  showed  that  %CA  , %CN  , 
t . R,.  Ra,  and  Rn''  could  be  calculated  from  the  refractive  index,  density,  and 
molecular  weight.  I liese  chemical  properties  have  originally  been  determined  using 
elemental  chemical  analyses,  thus  illustrating  the  interdependence  of  the  chemical 
.iiudyscs  and  the  inspection  tests.  Waterman  described  a similar  method  of  carbon-type 
analysis  using  measurements  ol  viscosity,  refractive  index,  and  density  and  reported 
correlations  ot  ultrasonic  viscosity  and  surface  tension,  l araday  effect,  and  parachor 
with  other  physical  constants  and  the  chemical  composition. 

When  large  numbers  ol  tests  arc  available  tor  the  characterization  of  a material, 
it  ix  generally  realized  that  many  of  the  tests  are  interrelated,  and  some  of  these  rela- 
tionships may  be  know  n.  I lie  relationships  among  specific  groups  of  tests  can  be 
readily  established  by  using  the  statistical  technique  known  as  regression  analysis. 
What  is  not  generally  known  is  how  many  truly  independent  properties  are  being 
measured  by  any  group  of  texts. 

* I S "I  hernial  I’niperiios  ol  Petroleum  Pi.hIucis,''  N.  II  S Publication  * 97  (1929) 

k Nun  Nes  ami  II.  A.  Van  Western  "Aspect*  ot  the  Constitution  of  Mineral  Oils. " Amsterdam;  Mlsevier  ( 195 1). 

II  I Waterman.  "Correlation  Between  Phvsical  Constants  anil  Chemical  Structure,"  lhevicr  (1958),  p-  1 1 ; 
Anal  Chon.  Actor  (1958).  IS,  p 5 

**  C^  Percentage  carbon  in  aromatic  ring. 

CN  Percentage  carbon  in  naphtlu  me  ring 
C|>  Percentage  carbon  not  m ring  structures. 

U | Number  of  rings  per  molecule 
R Number  of  arom.itu  rings  per  average  molecule. 

Kjyj  Number  ot  naphthenic  rings  per  average  molecule. 


I'lm  initial  study  of  lubricating  oils  bail  several  goals  One  was  to  obtain  some 
base-line  values  of  any  randomly  selected  group  of  oils  such  that  any  particular  oil 
could  be  compared  with  the  group  as  a whole.  Another  goal  was  to  see  if  there  were 
any  relationships  among  the  various  chemical  properties  ol  oils  which  could  be  ex 
plotted  m such  a way  as  to  achieve  a better  understanding  of  the  properties  of  a luhri 
eating  oil  w hich  make  for  a better  lubrication  A third  goal  was  to  see  w hat  relation- 
ships existed  tor  the  various  oils  such  that,  hopefully,  some  of  the  tests  performed  on 
oils  could  be  determined  as  redundant. 

Ill  l AIM  RIMI  NTAl  AND  ANAl  V I'lC'Al  PR(X  I DDRI  S 

I lie  SO  lubricating  oils  studied  included  preparations  from  a variety  of  base 
stocks.  In  addition,  the  additives  employed  were  from  a variety  of  suppliers  and  were 
not  individually  characterized. 

riie  results  of  the  chemical  analysis  of  SO  lubricating  oils  were  obtained  from  the 
tiles  of  the  fuels  and  l ubricating  Division. 

I he  properties  of  the  SO  samples  taken  for  the  study  are  shown  in  fable  1 1 lie 

samples  were  identified  simply  by  number,  and  the  test  results  were  taken  randomly 
from  oil  samples  submitted  for  approval  under  Specification  Mil -1  2104.  flic  test 
results  were  taken  from  an  variety  of  laboratories  certified  to  perform  the  tests  A 
tabulation  ot  the  physical  and  chemical  propci  tics  ol  an  oil  can  assist  the  tisei  ami 
the  oil  refiner  in  defining  a consistently  uniform  product.  While  the  physical  and 
chemical  properties  of  an  oil  f discussed  m this  report!  do  not  in  themselves  define  oil 
performance,  these  individual  oil  properties  are  meaningful  and  are  related  to  the 
ability  of  the  oil  to  fulfill  its  function  as  a lubricant  ('rude  petroleum  oils  have  as 
principal  components  three  basic  types  of  hydrocarbon  molecules,  i.e„  paraffinic, 
naphthenic,  and  aromatic.  The  types  of  molecules  that  predominate  are  a basis  for  the 
classification  of  oils  Crude  oils  are  typified  as  belonging  to  one  of  four  classes 
paraffinic,  naphthenic,  asphaltic,  and  mixed  base-  In  the  paraffinic  type,  paraffinic 
hydrocarbons  predominate;  in  the  naphthenic  type,  naphthenic  hydrocarbons  pre- 
dominate; in  the  asphaltic  type,  naphthenic  and  aromatic  hydrocarbons  exist  together; 
and  in  the  mixed  ty  pe,  paraffinic,  naphthenic,  and  aromatic  types  exist  together. 
Crude  oils  as  they  come  from  the  ground  can  be  mixtures  of  gaseous  products,  gaso- 
lines. diesel  fuels,  lubricating  oil  stocks,  asphalt,  etc.  The  various  classes  of  products 
are  separated  primarily  through  distillation.  Precipitation  of  the  heaviest  viscous 
fractions  using  a solvent  is  also  practiced.  The  lubricating  oil  fractions  resulting  there- 
from provide  a series  of  base  stocks  of  varying  volatility  and  viscosity.  These  base 
stocks  are  referred  to  as  neutral  fractions  and  bright  stock.  These  fractions  genera  ly 
require  further  refining  plus  the  addition  of  additives  to  make  them  suitable  for  eng.,ie 
oil  applications  The  complete  chemical  and  physical  data  collected  on  engine  oils  is 


Properties  of  80  L -or. sating  Oils  Sele.ted  for  Studs 


1 


• J • J • i « 

UN  it  o UN  tC  O O i 
I I (NJ  CV>|  I 

• 1 

o o o o'r  O o 
CJ  ^ ITNH  UN  UN  i 
CJ  CJ  CJ  CM  4 -r-4  I 

• H * i * a * 

in  o o o <r  in  in  1 

<4  PO  (NJ  ol  O'  s£  U)  < 
o T-«  «-l  «~fl  O C*  O « 

• * • « • * • 

o ip  in  M ro  o o 
4 ir  4 4 4 4 ro  i 

• « • J • « • 

in  o o ojco 

(T  o 0«  ^ oi  (T  i 

• « • J • « • 

*-4.  tH  *h|  -ri 
UN  00  O'  M in  O O 

CT  (Vi  cm  .d  o — • *-i 


H • ••  • 

OIO  o o 


■r-»  O 0,0 
CM  vO  vOl  4 
po|cj  <\J[  4 


po|pi  ro!  co 
col  o>  cr  n 


ICO  col UN 
^ 4|<M 


I CO  « O 

J ct  cti  sD 


4 vO 
1 f\l  CM  UN 


O O 0,0 


o' CO  o!  PI 
CO;  CT  CM'PO 
4- 1 CO  POlCJ 


o!  so  oi  vO 
0.0  O'  CO 
<rO  O O 
• • « • 

©o  w ^ 
CO  o (T  PO 


•ic  •]  • 

oino'in 


J'  'I 

ojpo  O UN 
UNj  4 4 *-4 

*-«iCj  PO  OJ 

UnIpO  vO  PO 
vOj  ao  CO1  CO 

0»  vO  *H.CJ 

1:1. 


Oo  o 
o|o  oj 

UN  O UN) 

• il 


0|0  o' 

UN|  UN  UN 


O UN  o 
vd  NO  <o 
o o o, 


UNlO  PO| 
ro  PO  PO' 

4 • - 


O O C3  I 

o o'  O I 
• • • 
IT  U\ot 

' ' r 

Csi  O'  O'  I 
4 UN  PO 
CJ  'r«  4 


10  olo 
I O o o 


J 

crjo  un|0 
4j  4 *-P  4 
4,  CO  CJ. 


0,0  O O 
O O O-  O 


> *i  • • • H 

' UN  UN  UN  O UNI 

i:i  i ! il 

loco  OI 
!•  UN  H 4 POj 
" -«-4  (O  CM 

i • ’ * j 

»o  oo  a( 


O o ip  | 

(T  co  «o  1 

OCIOI 

• • • 


JO  PO  O 
s co  O' 


o PO  ' o 
4 PO'  o 

• * • 


41  4 CJ  PO 
4j  PO  4l  4 


H IP  O 'M 
4 4<  4 


ON  UN  O 4 
N.  K.  O’  O' 
o;o  o o 


4^  CT  CNjj 
<00  Oj  (JN 


K ® O'  O' 

0.000 
cl  • J • 


o'  ro  UN.  O' 
4.  no  po  po 


UN  UN  C~ 
CO  (NJi  O 


o|  O'  coj  U»  I 
•-*:  w-c  CM  N* 


l iOjlTl 
‘ *-•  w-t  4 I 


un  rJ  ® . 
ON  o'  CT'  1 


o UN  o 
H Nj»4 


IKS'  U>o 


0.0  UNjO 
> O *-C  UN;  T-C 


cj  cJ  un  uacj  vd  4 1 

CJ  j3  CM  ■*H|  Cj  cd  CM  1 


NJ  H PO  H 


4!  CM  *h!  un 

•f  • u • 

cm!  co  cj:  cm 


Jo  o O' 
Jo  CJ  co 


o'er*  oja  o<o  ojo  r 


oc  & 
O (Ju 
CO  ol  UN 


o olo  « 

O PO|  u>  < 


M NIC  I 
PO  (Nil  CM  I 


1 • * * 

uo  ff  w 
[do  CT  CJ 
do  CT  UN  1 
j|  4 CT  H 
MH  CT  tM  I 


O 4 4 
O' 

& o o o 

t-<  LfN  UNi  OO 


* 

H CM  (V 


j o|  N.  ON  I 


•P 

o 4 CJ 

O'  CT]  o « 


OOjO  . 

• J • 

o ctJk  . 

o ON  CT* 


CD  (X>  4 PO 

>•{••• 

cjIcm  c\j!co 


J 

» >r*  o c-  o c- 

»••••« 

n u>  jr  UN,  »-«  ro 
' CTS  CT*  CTNJ  CT*  CT 


c-  (T  C a t 'o  r.|u  iit. 

>«••]••(•« 

v_.  O'  «_r>;  cj  c*  ;o  o 

CJ  <JN  »-*!  CJ  z*\  -O  4 
PO  CT*  UNO  U,  PO 
1 vO  CT'  ^hI  UN  4^  UN  CM 
»-*  O'  CMI  *-cj  ^-4  —i 


jo  OM  ■. 

vC  vOj  O'  4 


I un  po|  » 
ICO  CM  I *H  C 


OOO 

• 4 f 

O o UN 
C-  PO  CJ 

4 4 


UN  UN  UN 
CJ  COjCJ 


cJ  CM  (NJ  CJ  I 
tH  ^4 

ai  0 Cj  o 

u • • 

3'  UN  UN  UN  < 

.0  4*  4 1 
4^44 


om  inlN  N|n  l 
« 4 O'  UN  4 CT* 

1 («••••  1 

vC  (NI  PO*  ri  «-» 

» — • CJ  PO.  CM  cm’  CJ  *-4 
r4  H H!  H r4  rC  H 


O O O' 
CJ  Cj!  O < 

in  ro,  h 1 

t-4  UN  4 
CJ  ^ ^4  < 

UN  o Cj  « 
CT*  *(  PO 


’ ‘ ' 1 * 

• o o o c.- 
I O Ij  oc*  o 

* C.  UN  po!  UN 
, 4 4 U> 


« # 1 * 

■_>  o oj  o 
d cj  0!  o 


CJ  O'  OO 

• 1 * 

~-t  rn  (T\ 

CM  CJ  CM 


U\  4 CJ|  O 

« • 1 • 

a (Nr  a 
cn/Cj  ca  ro 


o o o 4_»  e 

o un'  o 4 
C-  PO  4 Cj 

tvj  in  « ® h 

H »J  H H (\j 

n c c.  t.  o 

a(  ® rj  vO  K 

N-  PO  N.  UN  on 
^ H M (M  M 


J ! 

do  o;« 
xlooo  I 

UN  P^  pj  UN 
CU  CJ  CM*  Co  1 

I I 


UN  UN*  C» 
4 4j  4 

00I01 
o 4|CM 

• *i  • 

sC  sC  .J N 
i CO  (Mi  CM  < 


PO  S o CM  PO,  ® O 
in  >D  4^  H fO  H *i 

H H CVJ  CJ  (M  (\J  H 
rl  H H H H H 

o o ol  o o o o 

• • «|  • • • 4 

in  in  in.  c uv  o o 

4 vd  4 vCT  U>  U)  U> 

4 4 4.  4 4 4 4 


0 0.00  0 a 

IPO  Ol  vO  H is*  UN 


1 4 UN  UN  If*  U5  vO 
I (M|  (Ni  CJ.  CO  CJ  CO  ( 


u vd  vO 
4 PO;  N.  r 
• • • 
CO  . 

sHj  »“4  1 

I 

O O CJ  ( 

• 4 • 

m in  o 

4 UN  UN  1 

444 

1 

000 

o r^.  t 1 

• • 1 

UN  Pv>  ^ I 
CJ  CO  CM  c 


Cj  <C.  UN  1 
fo  H|U)  1 
• 4 • 
CM  CM  CJ  l 


SO  O'  O 1 

• 4 • 

coot 
<50  sO  <0  I 
,4  44 
I ' 
*000 
w'  «0  1 
• • • 
CO  O UN  ■ 
CM  tM  Oj  I 


• irv  in  o nj  d 

n co.  ro  ro  cr  or 

► «i  • • • A 

h:  H CM  H (Vjj 


> d 4 inin  in  o a 
aq  4 uv  UN  3 UN  cej 
41  4 4 4 UN  4 4* 

o<  0 o n .3  o 

4 u u 4 O'  «| 

kJ  m U)  k.  c i>  in! 

Cj.  CM  Cj  PJ  CM  CJ  CJ! 

I ! 


I 


shown  in  I able  2 and  includes  2b  pieces  of  information.  Due  to  the  lack  of  complete 
result',  on  all  SO  samples.  1 .1  items  of  information  have  been  selected  lor  these  studies. 
I hey  arc  shown  in  fable  .V 

flic  initiation  of  this  study  includes  a plot  of  a typical  set  of  test  results  (Gravity . 
('■)  as  shown  in  Figure  1 and  a presentation  of  the  gravity  test  measurement  in  dis- 
tiibution  form  as  shown  m Figure  2. 

An  initial  statistical  survey  of  these  oils,  those  with  a sufficiently  large  data  set, 
was  performed  using  the  Statistical  ArcAuec  for  the  Social  Sciences  (SPSS)*  and  a 
GDI’  computer,  t hese  are  summarized  in  fable  .V  fliey  include  the  mean,  variance, 
range,  standard  error.  Kurtosis,  maximum,  minimum,  skewness,  and  standard  deviation 
where  Kurtosis  = measure  of  relative  peakedness  or  tlat ness  ot  curve  defined  by  the 
distribution  of  cases.  (A  normal  distribution  will  have  a Kurtosis  of  zero.)  When  the 
Kurtosis  is  positive,  then  the  distribution  is  more  peaked  (narrow)  than  it  would  be 
for  a normal  distribution  while  a negative  value  means  that  it  is  flatter: 


Kurtosi 


Zr.BK-’W 

.IS  = 1 1 


N 


fhe  computing  formula  used  by  SPSS  is: 


{fr  x«  -4xi 

Kurtosis  = U““i-l 

| -NXJ 

/(N-  l)j 

f 

In  looking  at  the  Kurtosis  of  the  data  as  it  related  to  individual  parameters,  it  is  seen 
that  the  data  for  individual  sets  do  not  fall  together.  Kurtosis  measures  the  degree  of 
peakedness  exhibited  in  individual  sets  of  data,  and  a Kurtosis  of  zero  corresponds  to 
a normal  distribution.  Large,  positive  values  indicate  more  peakedness  (narrow)  than 
for  a normal  distribution.  Negative  values  mean  a curve  flatter  than  normal  distribu- 
tion In  the  data  collected  in  these  tests,  it  is  seen  that  for  G,  the  API  gravity;  FL, 
the  flash  point:  SAIL  sulpluted  ash  residue;  and  CA.  calcium,  the  value  of  Kurtosis 
is  approaching  that  of  a normal  distribution  a value  less  than  1.  Values  less  than  5 
and  more  than  I can  be  assigned  to  only  four  additionally  measured  parameters: 
pp.  pour  point;  GUAM.  Ratnsbottom  Garbon.  VI.  Viscosity  Index,  and  V 100,  Vis- 
cosity  I0(l‘  I 

' Norm.in  II  Nir.  C I l.ull.n  Hull.  !e;m  IS  tonkin.,  katm  Slciiihrennet,  anil  Palo  It.  Bent,  Sutittiecl  Packngi 
J\*r  the  SiU  iul  Scnnux.  2nd  I dinon,  MclWaw  Mill  Hook  C ompany.  Ncn\  York. 
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Table  3.  Statistical  Survey  of  13  l upine  Oil  Samples 
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Table  3 Statistical  Survey  of  1 3 bngine  Oil  Samples  (Cont’d) 
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The  Kurtosis  values  measure  the  grouping  of  the  values  for  individually  measured 
properties: 

“Mean”  is  the  most  common  measure  of  central  tendency  for  variables  measured 
at  the  interval  level: 


“Variance”  measures  dispersion  of  data  about  the  mean  of  the  interval-level 
variable.  This  statistic  is  one  way  of  measuring  how  closely  the  individual  scores  on 
the  variable  cluster  around  the  mean.  Mathematically,  it  is  the  average  squared  devia- 
tion from  the  mean. 


ZN  ( X.  - X)5 

1*1  1 

N - 1 


Squaring  the  deviations  from  the  mean  considers  all  differences  from  the  mean  both 
positive  and  negative,  and  it  gives  additional  weight  to  extreme  cases.  The  variance 
will  be  small  when  there  is  a great  deal  of  homogeneity  in  the  data;  for,  then,  most 
cases  will  have  very  small  deviations  from  the  mean. 

“Skewness”  is  a statistic  used  to  determine  the  extent  to  which  a distribution 
of  cases  fits  or  approximates  a normal  curve  since  it  measures  deviations  from  symme- 
try. Skewness  takes  a value  of  zero  when  the  distribution  is  a complete,  symmetric, 
bell-shaped  curve.  A positive  value  indicates  that  the  cases  are  clustered  more  to  the 
left  of  the  mean  with  most  of  the  extreme  values  to  the  right.  A negative  value  indi- 
cates clustering  to  the  right.  Mathematically,  skewness  = 

iHjKVXVsi* 

53  ' 


“Standard  Error”  helps  to  determine  the  potential  degree  of  discrepancy  between 
the  sample  mean  and  the  usually  unknown  population  mean.  The  standard  error 
has  properties  very  analogous  to  those  of  the  standard  deviations. 

“Standard  Deviation"  measures  the  dispersion  about  the  mean  of  an  interval- 
level  variable.  It  measures  the  square  root  of  the  variance: 
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Standard  Deviation  - 


[J  Xs;vy'  ] ' 


1 lie  standard  deviation  is  the  positive  square  root  of  the  variance  and  is  another  mea- 
sure of  variance.  The  standard  deviation  is.  perhaps,  the  most  important  and  most 
widely  used  measure  of  variability.  A small  volume  of  S denotes  close  clustering 
about  the  mean.  A relatively  large  value  represents  wide  scattering  about  the  mean. 
The  table  shows  relatively  large  values. 

Hie  range,  maximum,  and  minimum  present  the  usual  extra  data  in  the  program. 
1 he  statistical  summary  does  not  offer  information  adequately  definitive  to  make 
conclusions  required  for  the  mission  of  this  study.  A Pearson’s  T test  was  performed 
with  the  SPSS  package  to  establish  any  linear  correlations  among  the  various  sets 
ot  data.  A correlation  of  the  various  data  sets  was  also  performed  with  the  IRM  pack- 
age in  an  attempt  to  further  analyze  the  relationship  between  the  various  data  sets. 

The  results  of  Pearson's  correlation  as  performed  with  the  SPSS  are  tabulated  in 
fable  4 Output  from  this  program  included  the  correlation  coefficient,  the  tests  of 
significance,  and  the  number  of  cases  upon  which  the  correlation  coefficient  was 
computed.  Covariance,  cross-product  deviations  for  all  combinations  of  pairs  are 
shown  in  Fable  5.  In  the  graphical  presentation  of  a typical  set  of  data  (Gravity,  G, 
figure  21,  it  appeared  a priori  unlikely  to  find  ■ regression  line,  especially  a straight 
one,  which  perfectly  tits  the  data.  Whether  this  is  because  the  true  relationship  does 
not  quite  tit  the  curve  being  drawn  or  because  of  errors  or  imperfections  in  collecting 
the  data,  a measure  of  the  goodness  of  fit  of  the  regression  line  is  desirable.  The 
Pearson  product  moment  correlation  coefficient  serves  this  purpose  for  linear  regres- 
sion. Where  there  is  a tit  (no  error),  it  takes  the  value  +1.0  or  -1.0  where  the  sign  is 
the  same  as  the  sign  ot  the  regression  coefficient.  A negative  does  not  mean  a bad 
tit;  rather,  it  denotes  an  inverse  relationship.  When  the  linear-regression  line  is  a poor 
tit  to  the  data,  it  will  be  close  to  zero.  The  value  of  zero  denotes  the  absence  of  a 
linear  relationship. 

It  Pearson’s  coefficient  is  squared,  we  get  another  statistic  wliich  is  a more  easily 
interpreted  measure  of  association  when  our  concern  is  with  the  strength  of  relation- 
ship rather  than  with  the  direction  of  relationships.  It  varies  from  0 to  +10.  (maxi- 
mum). Its  usefulness  lies  in  the  fact  that  the  square  of  Pearson's  coefficient  is  a mea- 
sure of  the  proportion  of  variance  in  one  variable  explained  by  the  other.  A negative 
value  lor  the  correlation  coefficient  indicates  a decrease  in  that  property  of  the  test 
with  an  increase  in  the  compared  property.  Our  test  data  in  summary  showed  signifi- 
cant values  of  the  correlation  coefficients  only  for  certain  pairs  (pp.  19  and  20). 


14 


3BXS  PAGE  IS  BUST  QUALITY  PRACTICAL!*! 
fHOM  COFY  rUKSISHKD  TO  UDC 


Regression  analyses  were  obtained  to  relate  S & P,  l>  & SAH,  C RAM  &.  N,  (.  A & 
/N.  I UN  & TAN.  ami  VJI0  & VllM)  ami  to  obtain  equations  for  each  pair.  The 
correlation  coefficient  was  obtained  tor  each  pair.  1 Itese  are  shown  in  Table  4. 

Pearson’s  correlation  coefficient  is  used  to  measure  the  strength  of  relationship 
between  two  interval  level  variables.  In  this  ease,  the  strength  of  relationship  indicates 
both  the  goodness  of  lit  ol  a linear  regression  line  to  the  data  and.  when  Pearson’s 
coefficient  is  squared,  the  proportion  of  variance  in  one  variable  explained  by  the 
other. 


Mathematically , Pearson’s  coefficient,  r,  is  defined  as  the  ratio  ot  covariation 
to  square  root  of  the  product  of  the  variation  in  \ and  the  variation  in  y where  x and 
y symbolize  the  two  variables.  This  corresponds  to  the  formula: 


r 


Z,N, 


where: 

\(  = it h observation  of  variable  x 

V ~ itlv  observation  of  variable  y 
N = number  of  observations 

X( 

X = ^5" N - mean  of  variable  x 
l N 

V = = mean  ol  variable  y 

i“  i 1 


The  formula  employed  by  N/’.S'.V  for  computing  Pearson’s  coefficient  is  as  follows: 


Pearson’s 

Correlation 

Coefficient 


Significance  tests  are  reported  for  each  coefficient  and  are  derived  from  the 
use  of  a student’s  I with  N - 2 degrees  of  freedom  for  the  computed  quantity; 


fel' 
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where  N = number  of  cases  upon  which  the  correlation  coefficient  was  computed. 

The  tests  of  significance  give  information  regarding  the  probability  that  the 
observed  relationship  could  have  happened  by  chance,  i.e.,  probability  that  in  a repre- 
sentative sample  of  a given  size,  the  variables  would  exhibit  a relationship  as  strong 
as  the  observed  relationship.  It  has  been  accepted  in  other  applications  of  SPSS  to 
accept  as  statistically  significant  relationships  which  have  a probability  of  occurrence 
by  chance  57c  of  the  time  or  less,  i.e.,  in  5 out  of  100  samples  0.05  or  less.  Applying 
this  criteria,  it  can  be  noted  that  statistically  significant  results  appear  for  the  pairs 
listed  below.  A two-tailed  list  of  significance  as  follows  has  been  applied  to  the  data: 


tistically  significant 

Pearson’s  correlation 
(absolute  value) 

G&FL 

.2194 

g&v210 

.3059 

^ ^ V,oo 

.5897 

G & VoEX 

.3710 

G&  VI 

.5874 

G & TAN 

.1197 

G & CRAM 

.2189 

G&  SAH 

.1664 

G&S 

.1558 

G&P 

.1331 

G&CA 

.1284 

FL&G 

- 

FL&V(00 

.1093 

FL&  VoEX 

.2136 

FL&  VI 

.1551 

FL  & TAN 

.2718 

FL  & SAH 

.1271 

FL&CA 

.1306 

FL&  pp 

.2201 

^210  ^ ^100 

.5296 

V2I0  &VoF.X 

.1453 

V2,0  & V> 

.1900 

v210&tan 

.1820 

V210&SAH 

.1271 

v210&ca 

.1306 

v210&pp 

.2201 

| 

i 
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atistically  Significant 

Pearson's  correlation 
(absolute  value) 

vioo*v„EX 

.4414 

Vl(K>&VI 

.7703 

V,0«&TAN 

.0802 

V & (RAM 

.0663 

V 100  & s 

.1301 

v l00  & PP 

.0964 

VoKX&  VI 

.5119 

v'lx  & s 

o 

.0928 

V I X & CA 

o 

.0730 

VI  & TAN 

.0858 

VI  & SAH 

. 1 886 

VI  & s 

1000 

VI  & P 

.0537 

VI  & CA 

.2080 

VI  & pp 

.0691 

TAN  & CA 

.2105 

TAN  & pp 

.1346 

TAN  & S 

.0627 

CRAM  & SAH 

.7709 

CRAM  & S 

.0839 

CRAM  & CA 

.7167 

CRAM  & pp 

.1174 

SAH  & P 

.0941 

SAH  & CA 

.8679 

S&  CA 

.1125 

CA  & PI' 

.0530 

Strong  correlation  relationships  are  shown  between  V,U)and  V)00  ( 529<>),  V'l0 
and  VI  (.7703).  VoFX  and  VI  (.5119),  CRAM  and  SAH  (.7709).  CRAM  and  CA 
(.7  lftt).  and  SAH  and  CA  (.8679). 

Because  the  correlation  of  a variable  with  itself  is  unity  and  the  correlation  of 
x with  y is  identical  to  the  correlation  of  y with  x,  the  redundant  correlations  are  not 
included. 


Factor  Analysis 


Factor  analysis  is  a much  more  generalized  procedure  lor  evaluating  and  defining 
dimensional  space  among  a relatively  large  number  ol  variables.  Because  ol  the  general- 
ity of  factor  analysis,  it  is  difficult  to  present  a capsule  description  ot  its  (unctions 
and  applications.  Ihe  major  use  ot  factor  analysis  is  to  locate  a small  number  ol  valid 
dimensions  clusters  or  factors  contained  in  a larger  set  of  independent  items  or 
variables.  Factor  analysis  helps  to  determine  the  degree  to  which  a given  variable  or 
several  variables  is  part  of  a common,  underlying  phenomenon. 

The  single,  most-distinctive  characteristic  of  factor  analysis  is  its  data-reduction 
capability.  From  an  array  of  correlation  coefficients  lor  a set  of  variables,  tactor- 
analysis  techniques  allow  one  to  see  whether  some  underlying  pattern  ol  relationships 
exists  such  that  the  data  may  be  rearranged  or  reduced  to  a smaller  set  of  (actors  or 
components  that  may  be  taken  as  source  variables  accounting  tor  the  observed  inter- 
relations in  the  data.  In  this  study,  one  use  of  factor  analysis  was  employed  explor- 
atory the  exploration  and  detection  of  patterning  of  variables  with  a view  toward 
the  discovery  of  new  concepts  am)  a possible  reduction  ol  the  data,  factor  analysis 
is  not  a unitary  concept.  It  subsumes  a large  number  of  procedures,  the  most  general 
classification  of  which  may  be  organized  around  major  alternatives  available  at  each 
of  the  customary  steps.  The  steps  are  as  follows:  ( 1 ) the  preparation  of  a correlation 
matrix.  (2)  the  extraction  of  the  initial  factors  the  exploration  of  possible  data 
reduction,  and  (3)  the  notation  to  terminal  solution  the  search  for  simple  and 
interpretable  factors.  The  factor  matrix  for  the  oil  data  is  shown  in  Table  6.  This 
application  applies  the  scheme  of  correlation  of  variables  (association)  which  in  SPSS 
analysis  is  called  R-faetor  analysis. 

In  general,  there  are  many  tests  available  for  characterizing  mineral  oil  lubricants. 
When  engine  tests,  rig  tests,  and  functional  tests  such  as  oxidation  are  omitted,  many 
tests  still  remain.  Some  inspection  tests,  elemental  analysis,  and  carbon-type  analysis 
of  lubricants  are  considered  here.  The  object  of  the  work  again  is  to  examine  inter- 
relationships to  draw  some  inference  about  the  significance  of  the  tests  in  themselves 
and  when  taken  in  conjunction  with  others.  This  study  is  cognizant  ol  both  physical/ 
chemical  tests  and  separate  engine  tests  but  limits  itself  to  selected  chemical  and 
physical  tests  in  order  to  maintain  some  degree  of  simplicity  in  the  interrelations.  A 
subsequent  study  of  the  relationships  will  include  other  tests  performed  on  engines. 
Many  of  the  tests  have  been  known  for  a long  time  and  are  considered  to  be  standard 
in  the  industry. 

The  first  step  in  factor  analysis  requires  the  calculation  of  a measure  of  association 
for  relevant  variables.  The  correlation  matrix  shown  in  Table  7 serves  as  the  measure 
of  association  for  the  variables.  The  complete  applications  of  the  SPSS  scheme  to  the 
analysis  of  these  lubricating  oils  includes,  in  addition  to  the  correlation  matrix,  a 
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principal-component  analysis.  In  principal-component  analysis,  the  given  set  of  varia- 
bles is  transformed  by  a transformation  matrix  into  new  sets  of  composite  variables 
or  components  that  are  uncorrelated  to  each  other,  rite  transformation  matrix  is 
shown  in  Table  X.  No  particular  assumption  about  the  underlying  structure  of  the 
variables  is  required  or  assumed.  What  is  sought  is  the  best  linear  combination  of 
variables  best  in  the  sense  that  the  particular  combination  of  variables  would  account 
for  more  of  the  variance  in  the  data  as  a whole  than  am  other  combination  of  varia- 
bles. The  first  principal  component  is  then  viewed  as  the  single  best  summary  of  linear 
relationships  exhibited  in  the  data.  The  second  component  is  viewed  as  the  second 
best  linear  combination  of  variables  under  the  condition  that  the  second  component 
is  orthogonal  to  the  first.  To  be  orthogonal  to  the  first  component,  the  second  must 
account  for  the  portion  of  variance  not  accounted  for  by  the  first.  Thus,  the  second 
component  may  be  defined  as  the  linear  combination  of  variables  that  accounts  for 
the  most  residual  variance  after  the  effect  of  the  first  component  is  removed  from  the 
data.  Subsequent  components  are  defined  similarly  until  all  the  variance  in  the  data 
is  exhausted.  Unless  at  least  one  variable  is  perfectly  determined  by  the  remainder  of 
the  variables  in  the  data,  the  principal-component  solution  requires  as  many  compo- 
nents as  there  are  variables.  The  principal-component  model  may  be  compactly 
expressed  as 


Zj  " V F<  +;V  F*  + V Fj  ""ajn  Fn 


where  each  of  the  n-observed  variables  is  described  linearly  in  terms  of  n new  uncor- 
related components  F, , F2.  F3 Fn,  each  of  which  is,  in  turn,  defined  as  a linear 

combination  of  the  n original  variables.  Since  each  component  is  defined  as  the  best 
linear  summary  of  variance  left  in  the  data  after  the  previous  components  are  taken 
care  of,  the  first  m components  - usually  much  smaller  than  the  number  of  variables 
in  the  set  - may  explain  most  of  the  variance  in  the  data.  For  factor-analytic  pur- 
poses, the  analyst  normally  retains  only  the  first  few  components  for  further  rotation 
The  SPSS  subprogram  employed  for  these  studies  is  known  as  principal  factoring 
with  iteration.  The  immediate  result  of  the  initial  factoring  was  the  extraction  of  an 
unrotated  factor  matrix  shown  in  Table  0.  The  factors  are  arranged  in  the  order  of 
their  importance.  The  first  factor  is  the  most  important,  the  second  factor  is  the 
second  most  important,  etc.  The  first  factor  tends  to  be  a general  factor;  it  has  signifi- 
cant loading  on  every  variable.  Subsequent  factors  tend  to  be  bipolar,  that  is,  some 
factor  loadings  are  positive  and  some  are  negative.  The  method  includes  defined  fac- 
tors. The  interest  here  is  to  find  whether  some  smaller  number  of  components  ac- 
counts for  most  of  the  variance.  From  the  unrotated  factor  matrix,  it  is  obvious  that 
factor  2(Fl ) has  primary  influence  on  factor  CA.  SAH.  and  CRAM  and  has  negative 
influence  on  C».  Factor  has  primary  influence  on  I AN.  I-'L.  and  1’.  Factor 

4<  V((K, ) has  primary  influence  on  pp  and  FL.  Factor  5 (V  FX)  has  primary  influence 
on  TAN,  etc.  Conversely,  the  influence  of  factor  2(1  LI  on  VI  and  V I X is  negligible. 
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Table  9.  Terminal  Solution  of  the  Orthogonally  Rotated  Data 
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The  values  given  in  Table  6 represent  regression  coefficients  of  the  factors  to 
describe  a given  variable.  For  example,  for  the  variable,  G: 

G = 0.72694F,  - 0.39589F2  +0.22149F, 

- 0.09300F4  + 0.04745Fs  -0.15405F6 

-0.10191F,  + 0.19609F*  + 0.07906F, 

+ 0.269 17F10  + 0.31050Fn  -0.08497F12 

+ 0.01619F13  . 

where  F,  = factor  1,  etc.  The  other  variables  such  as  FL,  V210,  and  V100 
would  be  treated  in  a similar  manner. 


The  general  equation 


Zj  = aj»Fl  +VF*+ ajm  Fm  +djUJ 

expresses  this  relationship. 

The  variance  accounted  for  by  factor  1 is 

(a,,)2  = (0.72694)2  = 0.5284 

The  variance  accounted  for  by  factor  2 is 

(au)2  = (0.39589)2  = 0.1567, 

etc. 


Z 


h‘>‘ 


1,2,  3,—,  N 


= (,72694)2  + (.341 24)2  + + (.01003)2  = 2.98602 

= respective  eigenvalue. 


These  values  are  shown  in  Table  6 along  with  cumulative  percentages  in  Table  10. 


Significant!} . most  of  the  variance  in  the  data  is  accounted  for  by  G and  F'L. 
I lie  unrotated  factors  extracted  through  the  factoring  method  may  or  may  not  give 
meaningful  patterning  of  the  variables.  I o supplant  the  data  obtained  from  the  unro- 
tated factors,  the  factors  are  subsequently  rotated  to  effect  additional  simplication. 

Rotation  in  Subprogram 

In  this  SPSS  program,  all  the  initial  solutions  extract  orthogonal  factors  in  order 
of  their  importance.  Hie  first  factor  so  extracted  tends  to  be  a general  factor;  that  is, 
it  tends  to  load  significantly  on  every  variable.  The  second  factor  tends  to  be  bipolar, 
that  is.  approximately  half  the  variables  have  positive  loadings  and  the  other  half  have 
negative  loading.  The  remaining  factors  also  tend  to  be  bipolar,  and  it  is  difficult 
to  interpret  such  factors.  1 very  variable  tends  to  be  decomposed  into  both  positive 
and  negative  factors,  and  the  complexity  of  each  variable  is  usually  greater  than  one. 

The  analytical  method  of  rotation  is  designed  to  take  a fixed  number  of  factors 
and  a fixed  amount  of  variance  accounted  for  by  these  factors  and  simplify  the  rows 
of  the  factor  matrix  and  the  column  matrix  to  make  as  many  values  as  possible  in  each 
row  and  column  close  to  zero. 

In  the  illustrations  that  follow,  the  SPSS  depicts  graphical  presentation  of  rotated 
orthogonal  factors  employing  a procedure  termed  varimax.  Varimax  centers  on 
simplifying  (lie  columns  of  the  factor  matrix.  A simple  factor  is  defined  in  varimax 
as  one  with  only  Is  and  Os  in  the  column.  This  simplification  is  equivalent  to  maxi- 
mizing the  variance  of  the  squared  loadings  in  each  column.  Since  only  two-dimensional 
space  can  be  effectively  plotted,  every  possible  pair  of  factors  is  taken  one  by  one. 
Significance  ol  the  graphs  resides  hi  three  aspects:  ( I ) the  relative  distance  of  a varia- 
ble Irom  the  two  axes.  (2)  the  direction  of  a variable  in  relation  to  the  axis  (It  may 
indicate  either  a positive  or  negative  loading.),  and  (3)  the  clustering  of  variables 
anil  their  relative  position  to  each  other.  Conclusions  relative  to  the  degree  of  actual 
correlation  between  the  factors  are  drawn  from  these  observations. 

In  Figure  3,  variables  2.  3,  5.  7.  10.  and  13  load  low  on  factor  2.  Variables  8. 
and  12  load  high  on  factor  I.  and  variable  0 loads  low  on  factor  1 and  high  on 
factor  2.  In  addition,  variables  10.  2,  13.  7,  3.  and  5 are  close  to  the  origin  and  have 
small  loadings  on  both  factor  I ami  factor  2.  As  a whole,  the  graph  separates  cluster 
10,  2.  13.  7.  3,  and  5 from  cluster  8.  9,  and  12.  The  clustering  of  these  groups  indi- 
cates some  degree  of  correlation  between  them.  Variable  1 1 did  not  load  significantly 
on  either  axis. 
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In  Figure  4,  variables  8,  9.  and  12  load  high  on  factor  1 and  cluster.  Variables 
1.  2.  6,  10,  11,  and  13  arc  all  close  to  the  origin  and  have  small  loadings  on  both 
factors  Variable  7 loads  high  on  factor  3.  The  graph  separates  cluster  8,  9,  and  12 
trom  cluster  1,  2,  6,  10,  11,  and  13.  The  clustering  of  these  groups  indicates  some 
correlation  between  them.  Variables  3,  4,  and  5 did  not  load  significantly  on  either 
axis. 

In  Figure  5.  variables  8.  9,  and  12  load  high  on  factor  1.  Variables  5,  7,  11,2, 
13.  10,  6,  and  1 are  close  to  the  origin  and  have  small  loadings  on  both  factors.  Vari- 
able 3 loads  high  on  factor  4.  Two  separate  clusters  are  observable.  Correlation  within 
the  clusters  is  indicated. 

In  Figure  6,  variable  10  loads  high  on  factor  5.  Variables  2,  6,  13.  1. 4,  7,  and 
11  show  clustering.  Two  distinct  clusters  are  observable  — cluster  1, 4,  7,  1 I,  2,  6, 
and  13  and  cluster  8,  9,  and  12.  Correlation  within  the  clusters  is  indicated.  Variables 
3 and  5 show  insignificant  loading  on  both  factors. 

In  Figure  7,  variable  1 1 loads  high  on  factor  6,  low  on  factor  I and  clustering 
occurs  for  8,  9,  and  12  and  1, 4,  13,  5,  10,  2,  and  6.  Two  distinct  clusters  are  obser- 
vable. Variables  1,4,  13,  5,  10,  2.  and  6 are  close  to  the  origin  and  have  small  loadings 
on  both  factors.  Correlation  within  the  clusters  is  indicated.  Variables  3 and  7 show 
insignificant  loading  on  both  factors. 

In  Figure  8,  variable  5 loads  high  on  factor  7 and  variables  8,  9,  and  12  load  high 
on  factor  1 and  cluster.  Variables  1.2.  II.  10,  13.  3,  4.  and  6 cluster  near  the  origin 
and  have  small  loadings  on  both  factors.  Two  distinct,  separate  groups  are  observable. 
Variable  7 shows  no  loading  on  either  factor.  Correlation  is  indicated  within  the 
clusters. 

In  Figure  9,  variable  13  loads  high  on  factor  8.  Variables  8.  9,  and  12  cluster 
and  load  high  on  factor  I . Variables  1 , 3.  4.  0.  2.  7.  10.  and  1 1 are  close  to  the  origin 
and  have  small  loadings  on  both  factors.  Two  distinct  groups  are  observable.  Variable 
5 shows  no  loading  on  either  factor.  Correlation  within  the  clusters  is  indicated. 

In  Figure  10,  variable  2 has  high  loading  on  factor  9.  Variables  8.  9.  and  I 2 have 
high  loadings  on  factor  I.  Variables  I.  13.  3.  10.  6.  1 1,  5.  and  7 are  all  close  to  the 
origin  and  have  small  loadings  on  both  factors.  Two  distinct  groups  arc  observable. 
Variable  4 shows  no  loading  on  either  factor.  Correlation  within  clusters  is  indicated. 

In  Figure  1 1 , variables  8,  9,  and  1 2 load  high  on  factor  I . Variables  6,  2,  1 1 . 1 3. 
10,  5.  7,  and  4 are  all  close  to  the  origin  and  have  small  loadings  on  both  factors.  The 
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clusters  of  variables  S,  l>,  aiul  1 2 and  b.  2,  11.  13.  10.  5.  and  7 separate  the  variables 
into  two  groups.  Correlation  within  the  two  groups  is  indicated.  Variable  3 shows 
no  significant  loading  on  either  factor. 

In  Figure  12,  variable  4 loads  moderately  high  on  factor  11.  Variables  1,  6, 
13.  10.  2.  11,  7,  5.  and  3 are  all  close  to  the  origin  and  have  small  loadings  on  both 
factors.  Variables  8.  d,  and  12  load  high  on  factor  I and  have  small  loadings  on  factor 
1 1 . Two  separate  clusters  are  indicated  with  correlation  within  the  clusters. 

In  Figure  13,  variables.  I,  13.  2.  b,  5.  and  10  all  are  close  to  the  origin  and  have 

small  loadings  on  both  factors.  Variables  and  12  have  high  loadings  on  factor  l. 

Variable  8 has  significant  loading  on  both  factor  12  and  factor  1.  Variables  3,  4, 
7,  and  1 I have  no  significant  loading  on  either  factor.  Correlation  within  the  clusters 
is  indicated. 

In  Figure  14,  variables  1,  5,  10.  2,  b.  13,  and  7 all  cluster  near  the  origin  and  have 

small  loadings  on  both  factors.  Variables  8.  lK  and  12  load  high  on  factor  1 and 

cluster  less  close;  variables  9 and  12  show  significant  loading  on  factor  1 and  are 
negative.  Two  groups  are  observable.  Variables  3.  4.  and  I 1 show  insignificant  loading 
on  either  factor.  Correlation  between  the  two  groups  is  indicated. 

In  Figure  15,  variable  7 loads  high  on  factor  3.  Variable  b loads  high  on  factor  2. 
Variables  5,  3,  13.  8,  l),  10.  11,  12.  and  2 are  all  close  to  the  origin  and  have  small 
loadings  on  both  factors.  Clustering  is  indicative  of  correlation  among  the  variables. 
Variable  4 loads  moderately  high  on  factor  2 and  is  negatively  correlated. 

In  Figure  lb,  variable  3 loads  high  on  factor  4.  Variable  b loads  high  on  factor  2. 
Variables  5,  7,  4,  11,  2.  13.  10.  and  12  all  are  close  to  the  origin  and  have  small  load- 
ings on  both  factors.  Variable  4 loads  moderately  high  on  both  factors  and  negatively 
on  factor  4.  Correlation  is  indicated  within  variables  5.  7,  9,  li,  2,  13,  10.  and  12. 
Variable  8 does  not  load  significantly  on  either  factor. 

In  Figure  17.  variable  10  loads  high  on  factor  5 and  insignificantly  on  factor  2. 
V'ariable  b loads  high  on  factor  2 and  insignificantly  on  factor  5.  Variables  13.  12.  2, 
5,  3.  11.  and  9 all  are  close  to  the  origin  and  have  small  loadings  on  either  factor. 
Variable  4 loads  moderately  heavy  on  factor  2 and  negatively.  Variables  12,  13.  2, 
5.  3.  II,  and  9 indicate  correlation  within.  Variables  7 and  8 have  insignificant  loading 
on  both  factors. 

In  Figure  18,  variable  1 1 loads  high  on  factor  b and  insignificantly  on  factor  2. 
Variable  b loads  high  on  factor  2.  Varible  4 loads  moderately  high  and  negative  on 
factor  2.  Variables  3.  2,  13.  9,  5,  8,  10,  and  1 2 cluster  and  are  all  close  to  the  origin. 
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lhey  have  small  loadings  on  both  factors  and  indicate  some  internal  correlation. 
Variable  7 loads  insignificantly  on  both  factors. 


In  figure  14,  variables  5 and  b load  high  (negatively)  on  factors  7 and  2 respec- 
tively. Variables  4 and  I load  negatively  and  moderately  on  factors  2 and  7 respective- 
ly' Variables  3,  13,  10,  II,  12,  and  2 cluster  and  are  close  to  the  origin  with  small 
loadings  on  each  factor.  Variables  3.  13.  10.  II.  1 2.  and  2 correlate. 

In  figure  20.  variable  1 3 loads  high  on  factor  8.  Variable  b loads  high  on  factor  2. 
Variables  2,  7.  5,  4,  10,  II,  3,  8.  12.  and  I cluster  and  are  close  to  the  origin.  Also, 
they  all  have  small  loadings  on  both  factors.  Variable  4 loads  negatively  and  moderately 
high  on  factor  2. 

In  figure  21,  variable  b loads  high  on  (actor  2.  Variable  2 loads  high  on  factor 
4.  Variables  3,  5,  7,  10,  II.  12,  and  13  cluster  and  are  close  to  the  origin.  Small 
loadings  on  both  factors  and  correlation  are  indicated.  Variables  8 and  4 load  insignifi- 
cantly on  both  factors. 

In  figure  — . variables  2.  3,  5,  7.  8.  4.  10,  II,  12, and  13  are  close  to  the  origin 
and  have  small  loadings  on  both  factors.  Correlation  is  indicated.  Variable  1 loads 
high  on  factor  10.  Variable  b loads  high  on  factor  2.  Both  variables  1 and  b load  on 
•actors  10  and  2 respectively.  Variable  4 loads  negatively  and  moderately  high  on 
factor  2. 

In  I igure  -3,  variables  5,  3,  II,  12,  10,  13,  and  4 cluster,  are  near  the  origin, 
and  have  small  loadings  on  both  factors.  A degree  ot  correlation  is  indicated  Vari- 
able b loads  high  on  factor  2.  Variable  4 loads  moderately  high  on  factors  2 and  1 1. 
Variable  2,  7,  and  8 show  insignificant  loadings  on  both  factors. 

In  figure  24.  variable  b loads  high  on  factor  2 and  insignificantly  on  factor  12. 
Variable  8 loads  high  on  factor  12.  Variables  5.  3,  7,  4,  |0.  12.  13.  and  2 cluster, 
an  close  to  the  origin,  and  have  small  loadings  on  both  factors  Correlation  is  indi- 
cated. Variable  I 1 exhibits  insignificant  loading  on  both  factors  Variables  4,  5.  and 
I load  moderately  high  on  factor  2 with  variables  4 and  5 having  a negative  correlation. 

In  I igure  -5,  variables  3.  13,  2,  10,  anil  5 cluster  and  are  close  to  the  origin 
There  is  no  significant  loading  on  either  factor.  I he  degree  of  cluster  formation 
lessened.  Correlation  is  indicated  for  variables  3.  2.  13.  10.  and  5.  Variable  b loads 
high  on  factor  2.  Variables  4,  3,  5.  10.  2.  I.  and  b have  insignificant  loading  on  factor 
13.  Variables  4 and  5 have  a negative  correlation.  Variables  2.  7.  and  8 show  insignifi- 
cant loading  on  either  factor.  Correlation  as  it  relates  to  factor  2 and  factor  13  is  more 
limited.  Variables  4 and  12  load  on  factor  13  with  variable  4 having  a negative 
correlation 
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In  Figure  26,  variables  2,  5,  9,  1 1,  8,  10,  13,  6,  and  12  cluster  r.nd  are  close  to 
the  origin.  Group  correlation  is  indicated.  Variable  7 loads  high  on  factor  3.  Vari- 
able 3 loads  high  and  variable  4 loads  moderately  on  factor  4. 

In  Figure  27,  variables  1,  2,  3,  4,  8,  9,  1 1,  12,  and  13  cluster  and  are  close  to 
the  origin.  Small  loadings  on  either  factor  and  correlation  are  indicated.  Variable 

7 loads  high  on  factor  3.  Variable  10  loads  high  on  factor  5.  Only  one  grouping 
of  variables  is  indicated.  Variables  5 and  6 have  insignificant  loading  on  both  factors. 

In  Figure  28,  variables  1 , 4,  9,  13,  2,  10,  8,  and  12  cluster  and  are  close  to  the 
origin.  Small  loading  exists  on  either  factor.  Correlation  is  indicated.  Variable  1 1 
loads  high  on  factor  6.  Variable  7 loads  high  on  factor  3.  Variables  5,  3,  and  6 show 
no  loading. 

In  Figure  29,  variables  4,  3,  8,  13,  12,  9,  2,  1,  and  6 cluster  and  are  close  to  the 
origin.  Small  loading  exists  on  either  factor.  Correlation  is  indicated.  Variable  5 
loads  high  on  tactor  7.  Variable  7 loads  high  on  factor  3.  Variables  10  and  I 1 show 
no  significant  loading  on  factor  3 or  factor  7 respectively. 

In  Figure  30,  variables  2,  9,  11,  1,  12,  3,  8,  and  4 cluster  and  are  close  to  the 
origin.  Small  loading  exists  for  either  factor.  Correlation  is  indicated.  One  main 
grouping  exists.  Variable  7 loads  high  on  factor  3.  Variable  13  loads  high  on  factor 

8 — one  group  of  the  data  indicated.  Variables  5.  6.  and  10  show  no  loading  on 
either  factor. 

In  Figure  31,  variables  4,  8,  1 1,  5,  3,  10,  12,  9,  1,  and  13  are  clustered.  All  are 
near  the  origin  and  have  small  loadings  on  either  factor.  Internal  correlation  is  indi- 
cated. Variable  2 loads  high  on  factor  9.  Variable  7 loads  high  on  factor  3.  Variable 
6 shows  no  loading  on  either  factor. 


In  Figure  32,  variables  2,  6,  11,  12,  13,  10,  9,  5,  and  3 cluster  and  all  are  close 
to  the  origin.  Internal  correlation  is  indicated.  Variable  7 loads  high  on  factor  3. 
Variable  1 loads  high  on  factor  10.  Variable  8 shows  no  loading  of  significance. 

In  Figure  33,  variables  3,  5,  12,  8,  2,  10,  9,  13,  1.  and  6 cluster  and  all  are  close 
to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indi- 
cated. Variable  7 loads  high  on  factor  3.  Variable  4 loads  high  on  factor  1 1.  One 
group  of  variables  is  indicated.  Variable  1 1 shows  no  loading  on  either  factor. 

In  Figure  34,  variables  4,  9,  1 2,  1 , 2,  1 1 , and  13  cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  7 loads  high  on  factor  3.  Variables  3,  5,  6,  and  10  have  no  significant  loading 
on  either  factor.  Variable  8 loads  high  on  factor  1 2. 
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Figure  29.  Horizontal  Facto  cal  Factor  7. 
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In  Figure  35,  variables  1,2,  10,  4.  12,  11,  8,  and  13  cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  7 loads  high  on  factor  3.  Variables  3,  5.  and  6 show  insignificant  loadings 
on  both  factors. 

In  Figure  36,  variables  12,  6,  13,  8,  11,  and  9 cluster  and  are  all  close  to  the  origin 
All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated.  Variable  3 
loads  high  on  factor  4;  variable  10  loads  high  on  factor  5.  Variables  2,  5.  and  7 do  not 
load  significantly  on  either  factor. 

In  Figure  37,  variables  1,  13,  9,  6,  10,  8,  7,  and  12  cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  3 loads  high  on  factor  4;  variable  6 loads  high  on  factor  4.  Variables  2 and  5 
show  no  significant  loading  on  either  factor. 

In  Figure  38,  variables  13,  8,  12,  10,  11, 9,  and  2 cluster  and  are  all  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  3 loads  high  on  factor  4;  variable  5 loads  high  on  factor  7.  Variable  7 shows 
insignificant  loading  on  both  factors. 

In  Figure  39,  variables  2,  7,  10,  11,  9.  1,  12,  6,  and  8 cluster  and  all  are  close 

to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indi- 

cated. Variable  3 loads  high  on  factor  4.  Variable  13  loads  high  on  factor  8.  Variable 
5 shows  insignificant  loading  on  both  factors. 

In  Figure  40,  variables  1,  13,  12,  6,  10,  9,  and  1 1 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  3 loads  high  on  factor  4;  variable  2 loads  high  on  factor  9.  Variables  5 and  8 
show  insignificant  loading  on  either  factor. 

In  Figure  41,  variables  2,  11,  12,  13,  10,  8,  9,  and  7 cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  3 loads  high  on  factor  4.  Variable  1 loads  high  on  factor  10.  Variable  5 
shows  insignificant  loading  on  either  factor. 

In  Figure  42,  variables  5,  7,  1 1 , 1 2,  2,  9,  1 3,  1 , and  6 cluster  and  all  are  close 

to  the  origin.  AH  have  small  loadings  on  both  factors.  Internal  correlation  is  indi- 

cated. Variable  3 loads  high  on  factor  4.  Variable  4 loads  moderately  high  on  both 
factors.  Variable  10  shows  insignificant  loading  on  either  factor. 
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Figure  36.  Horizontal  Factor  4;  Vertical  Factor  5. 
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In  Figure  43,  variables  9,  10,  II,  12,  13,  1.  6.  and  7 duster  and  are  i'l  dose  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  3 loads  high  on  factor  4.  Variable  8 loads  high  on  factor  12.  Variable  4 
loads  moderately  high  on  factor  4.  Variables  2 and  5 show  insignificant  loading 
on  both  factors. 

In  Figure  44,  variables  1,  6,  10,  2,  5,  13,  1 1,  and  7 cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  3 exhibits  high  loading  on  factor  4.  Variable  8 shows  insignificant  loading 
on  either  factor. 

In  Figure  45.  variables  1,  4,  9,  13,  7.  8,  6,  and  12  cluster  and  all  are  dose  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  10  loads  high  on  factor  5.  Variable  11  loads  high  on  factor  6.  Variables 
2,  3,  and  5 show  insignificant  loadings  on  either  factor. 

In  Figure  46,  variables  4,  3,  13,  11,  12,  and  1 cluster  and  are  all  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 

Variable  10  loads  high  on  factor  5.  Variable  5 loads  high  on  factor  7.  Variables  7. 

8,  and  9 have  insignificant  loadings  on  both  factors. 

In  Figure  47,  variables  2,  7,  11,  1,3,  12,  4,  and  8 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 

Variable  10  loads  high  on  factor  5.  Variable  13  loads  high  on  factor  8.  Variables 

5,  6,  and  7 have  insignificant  loadings  on  both  factors. 

In  Figure  48,  variables  1,  13,  9,  12,  3,  4.  11,  8,  and  7 cluster  and  all  are  close 
to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indi- 
cated. Variable  10  loads  high  on  factor  5.  Variable  2 loads  high  on  factor  9.  Vari- 
ables 5 and  6 have  insignificant  loadings  on  both  factors. 

In  Figure  49,  variables  2,  11,  12,  13,  7,  8,  9,  and  4 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 

Variable  10  loads  high  on  factor  5.  Variable  1 loads  high  on  factor  10.  Variables 

5 and  3 have  insignificant  loadings  on  both  factors. 

In  Figure  50,  variables  3,  5,  8.  12.  11,  9,  and  13  cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 

Variable  10  loads  high  on  factor  5.  Variable  4 loads  high  on  factor  11.  Variables 

2 and  7 have  insignificant  loadings  on  both  factors. 
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Figure  49.  Horizontal  Factor  5;  Vertical  Factor  10. 


Figure  50.  Horizontal  Factor  5;  Vertical  Factor  17. 


In  Figure  5 1 , variables  1 , 9,  4,  7,  1 2,  1 1 , 1 3,  and  6 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 

Variable  10  loads  high  on  factor  5.  Variable  8 loads  high  on  factor  12.  Variables 

2,  3,  and  5 have  insignificant  loadings  on  both  factors. 

In  Figure  52,  variables  1 , 2,  4,  5,  6,  11,  and  1 3 cluster  and  are  close  to  the  origin. 
All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated.  Variable  10 
loads  high  on  factor  5.  Variables  3,  7,  and  8 show  insignificant  loading  on  both  factors. 

In  Figure  53,  variables  3,  8,  13,  12,  10, 9,  and  2 cluster  and  are  close  to  the  origin. 
All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated.  Variable  1 1 
loads  high  on  factor  6.  Variable  5 loads  high  on  factor  7.  Variable  7 shows  insignifi- 
cant loading  on  both  factors. 

In  Figure  54,  variables  2,  7,  9,  10,  12,  6,  3,  8,  and  4 cluster  and  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 

Variable  1 1 loai  i high  on  factor  6.  Variable  13  loads  high  on  factor  8.  Variables  1 

and  5 show  insignificant  loadings  on  both  factors. 

In  Figure  55,  variables  13,  12,  6,  9,  10,  3,  8,  4,  and  7 cluster  and  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  1 1 loads  high  on  factor  6.  Variable  2 loads  high  on  factor  9.  Variables  1 
and  5 show  insignificant  loadings  on  both  factors. 

In  Figure  56,  variables  2,  12,  13,  10,  9,  7,  and  3 cluster  and  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  1 loads  high  on  factor  10.  Variable  11  loads  high  on  factor  6.  Variables  6 
and  4 have  significant  loading  on  factor  10  and  are  negatively  correlated.  Only  one 
grouping  is  indicated.  Variables  5 and  8 show  insignificant  loading  on  either  factor. 

In  Figure  57,  variables  3,  5,  8,  12,  10,  13,  6,  and  1 cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  11  loads  high  on  factor  6.  Variable  4 loads  high  on  factor  11.  Variables 
2,  7,  and  9 show  insignificant  loading  on  both  factors. 

In  Figure  58,  variables  12,  10,  9,  3,  4,  6,  and  13  cluster  and  all  are  close  to  the 
origin.  AH  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
Variable  11  loads  high  on  factor  6.  Variable  8 loads  high  on  factor  12.  Variables 
1,  2,  5,  and  7 show  insignificant  loading  on  either  factor. 
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Figure  52.  Horizontal  Factor  5;  Vertical  Factor  13. 
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In  Figure  59.  variables  10,  1 , 4,  8,  and  13  cluster  and  all  are  close  to  the  origin. 
All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated.  Variable 
I 1 loads  high  on  factor  6.  There  is  no  other  grouping  of  variables.  Variables  2,  3,  5, 
and  7 have  no  significant  loading  on  either  factor. 

In  Figure  (.0.  variables  2,  7,  1 1,  1 2,  3.  and  8 cluster  and  all  are  close  to  the  origin. 
All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated.  No  other 
discrete  set  is  indicated.  Variable  5 loads  high  on  factor  7.  Variable  13  loads  high  on 
factor  8.  Variables  9 and  10  show  insignificant  loading  on  both  factors. 

In  Figure  6 1 . variables  13,  12,  1 0,  3,  11,8,  and  7 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  discrete  grouping  is  evident.  Variable  5 loads  high  on  factor  7.  Variable  2 
loads  high  on  factor  9.  V'ariable  9 has  no  significant  loading  on  either  factor. 

In  Figure  62,  variables  2,  11,  12,  13,  10,  8,  7,  and  3 cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  discrete  group  is  evident.  Variable  1 loads  high  on  factor  10.  Variable  5 
loads  high  on  factor  7.  Variables  6 and  4 have  significant  negative  loadings  oa  factors 
10  and  7 respectively.  V'ariable  9 has  no  significant  loadings  on  either  factor. 

In  Figure  63,  variables  3.  12,  8,  2,  10,  and  13  cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  discrete  group  is  evident.  V'ariable  5 loads  high  on  factor  7.  Variable  4 
loads  high  on  factor  1 1 . Variables  7,  9,  and  1 1 have  no  significant  loading  on  either 
factor. 

In  Figure  64,  variables  1 , 2,  3,  4,  6,  9,  1 1 , 1 2,  and  13  cluster  and  all  are  close 
to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  discrete  grouping  is  evident.  Variable  5 loads  high  on  factor  7.  Variable  8 
loads  high  on  factor  12.  Variables  7 and  10  show  insignificant  loading  on  either 
factor. 

In  Figure  65.  variables  1,  2,  3,  4.  6,  10,  II.  and  13  cluster  and  all  arc  near  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  indicated  here.  Variable  5 loads  high  on  factor  7.  Variables 
4.  12,  6,  and  9 load  equally  with  variable  12  positive  on  factor  7.  Variables  12  and  9 
show  negative  correlation.  Variables  6 and  4 show  negative  correlation  on  factor  7. 
Variable  4 is  positive  on  factor  13.  Variable  6 is  negative  on  factor  13.  Variables 
7 and  8 show  insignificant  loading  on  either  factor. 
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Figure  63.  Horizontal  Factor  7;  Vertical  Factor  11. 


In  Figure  66,  variables  l,  12,  9,  3,  10,  8,  1 1.  5,  and  7 cluster  and  all  are  close 
to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indi- 
cated. No  other  grouping  is  evident.  Variable  13  loads  high  on  factor  8.  Variable  2 
loads  high  on  factor  9.  Variables  4 and  6 show  insignificant  loadings  on  either  factor. 


In  Figure  67,  variables  2,  11,  12,  8.  10,  3,  5,  and  7 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  13  loads  high  on  factor  8.  Variable  1 loads 
high  on  factor  10.  Variable  9 shows  insignificant  loading  on  either  factor. 


In  Figure  68,  variables  3,  5,  7,  8,  12,  1 1,  10,  2,  and  6 cluster  and  all  are  close 
to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indi- 
cated. No  other  grouping  is  evident.  Variable  13  loads  high  on  factor  8.  Variable 
4 loads  high  on  factor  1 1.  Variables  1 and  9 show  insignificant  loading  on  both  fac- 
tors. 


In  Figure  69,  variables  4,  1 2,  9,  10,  7,  6,  1 1,  and  2 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated.  No 
other  grouping  is  evident.  Variable  1 3 loads  high  on  factor  8.  Variable  8 loads  high  on 
factor  1 2.  Variables  3 and  5 show  insignificant  loadings  on  either  factor. 


In  Figure  70,  variables  4,  6,  10.  2,  8,  3.  11,  and  7 cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  13  loads  high  on  factor  8.  Variables  12  and 
9 have  modest  loading  on  factor  13.  Variables  I and  5 have  insignificant  loadings 
on  either  factor. 


In  Figure  71.  variables  11,  12,  13,  10,  9,  8,  7,  and  3 cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  2 loads  high  on  factOT  9.  Variable  1 loads 
high  on  factor  10.  Variable  5 has  insignificant  loading  on  either  factor. 


In  Figure  72,  variables  3,  5,  7,  11,  12,  10,  9,  13,  6,  and  1 cluster  and  all  are 
close  to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is 
indicated.  No  other  grouping  is  evident.  Variable  2 loads  high  on  factor  9.  Variable 
4 loads  high  on  factor  1 1 . Variable  8 shows  insignificant  loading  on  either  factor. 


In  Figure  73,  variables  9,  7,  4.  10,  12,  11,  6,  and  13  cluster  and  all  are  close  to 
to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indi- 
cated. No  other  grouping  is  evident.  Variable  2 loads  high  on  factor  9.  Variable  8 
loads  high  on  factor  12.  Variables  1,  3,  and  5 show  insignificant  loadings  on  either 
factor. 
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Ftfurt  72.  Horizontal  Factor  9;  Vertical  Factor  11. 
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In  Figure  74,  variables  5,  4,  10,  6,  1,7,  11,3,  and  13  cluster  and  all  are  close  to 
the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  2 loads  high  on  factor  9.  Variables  12  and  9 
(negative)  load  on  factor  13  with  a negative  correlation.  Variable  8 shows  insignificant 
loading  on  either  factor. 

In  Figure  75,  variables  3,  5,  7,  8,  12,  11,  10,  13,  and  2 cluster  and  all  are  close 
to  the  origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  1 loads  high  on  factor  10.  Variable  4 loads 
high  on  factor  1 1 . Variable  9 shows  insignificant  loading  on  either  factor. 

In  Figure  76,  variables  9,  7,  10,  12,  13,  11,  and  2 cluster  and  all  are  close  to  the 
origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  1 loads  high  on  factor  10.  Variable  8 loads 
high  on  factor  12.  Variables  3 and  5 show  insignificant  loading  on  either  factor. 

In  Figure  77,  variables  5,  10,  2,  7,  8,  13,  and  1 1 cluster  and  all  are  close  to  the 

origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  1 loads  high  on  factor  10.  Variables  6,  2,  and 
4 have  loadings  at  the  origin  of  factor  10.  Variable  3 has  insignificant  loadings  on 
either  factor.  Variables  12  and  9 have  significant  loadings  on  factor  13  and  correlate 
negatively. 

In  Figure  78,  variables  6,  10,  5,  13,  1 1,  9,  3,  and  12  cluster  and  are  all  close  to 
the  origin.  AH  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  4 loads  high  on  factor  1 1.  Variable  8 loads 
high  on  factor  12.  Variables  1,  2,  and  7 have  insignificant  loadings  on  either  factor. 

In  Figure  79,  variables  6,  10,  5,  13,  11,  and  3 cluster  and  all  are  close  to  the 

origin.  All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated. 
No  other  grouping  is  evident.  Variable  4 loads  high  on  factor  1 1.  Variables  12  and  9 
(negative)  have  small  loadings  on  factor  13  with  variable  9 having  a negative  value. 
Variables  1 , 2,  7,  and  8 have  insignificant  loadings  on  either  factor. 

In  Figure  80,  variables  6,  10,  13,  and  7 cluster  and  all  are  close  to  the  origin. 
All  have  small  loadings  on  both  factors.  Internal  correlation  is  indicated.  No  other 
grouping  is  evident.  Variable  8 loads  high  on  factor  12.  Variable  12  has  small  loading 
on  factor  13.  Variables  1,  2,  3,  4,  5,  and  1 1 have  insignificant  loadings  on  both  factor 
13  and  factor  12. 
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Figure  75.  Horizontal  Factor  10;  Vertical  Factor  11. 
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Vanmax  rotation  as  discussed  analytically  ubow  represents  one  factoring  solution 
applied  to  the  data  by  the  SPSS  subprogram.  In  varimax  application,  the  criterion 
centers  on  simplying  the  columns  of  the  factor  matrix.  A simple  factor  is  defined 
as  one  with  only  Is  and  Os  in  the  column.  This  simplication  amounts  to  maximizing 
the  variance  of  the  squared  loadings  in  each  column  according  to 


maximum. 


V.  CONCLUSIONS 

An  overall  look  has  been  made  at  laboratory  chemical  and  physical  data  obtained 
on  SO  lubricating  oils  meeting  the  requirements  of  Specification  MIL-L-2104  employ- 
ing an  SPSS  statistical  package  and  a CI)C  computer.  The  purpose  of  this  effort 
was  to  seek  internal  correlations  among  the  data  and  dynamometer  results  and  field 
performance  and  to  seek  ways  to  relate  laboratory  data  and  field  performance.  Out 
of  a possible  2b  pieces  of  analytical  data  collected  for  each  of  the  80  samples,  13 
pieces  of  information  were  selected  for  scrutiny. 

It  was  found  that,  overall,  the  data  exhibited  substantial  variance,  departed  from  a 
normal  distribution  in  all  cases,  and  showed,  in  general,  a lack  of  internal  correlation 
among  the  data  items.  I here  was  exhibited,  however,  significant  correlations  between 
selected  pairs  of  data.  Sulphated  ash  vs  calcium,  sulphated  ash  vs  carbon  residue,  and 
carbon  residue  vs  calcium  showed  favorable  Pearson’s  correlation.  From  the 
unmatched,  unrotated,  factor  matrix,  flash  point  was  influenced  by  calcium,  sulphated 
ash.  and  carbon  residue.  Flash  point  was  negatively  influenced  by  gravity.  Viscosity 
at  210°F  was  strongly  influenced,  or  vice  versa,  by  total  acid  number,  flash  point,  and 
phosphorus.  Negligible  influence  was  noted  for  flash  point  or  viscosity  at  0 (extra- 
polated) and  viscosity  index,  etc.  Other  examples  of  paired  correlation  were  indicated 
by  the  data.  Significant  in  the  observations  was  the  fact  that  about  80'f  of  the  total 
variance  of  the  observations  was  attributed  to  only  three  analytical  items  - flash  point, 
gravity,  and  viscosity  measurements.  The  importance  of  this  deserves  further  scrutiny. 


The  statistical  package.  SPSS,  that  was  employed  allows  the  exhibition  of  the 
orthogonal  rotation  of  the  data  in  graphical  presentation.  When  this  is  accomplished, 
certain  groupings  of  the  data  become  evident.  These  groupings  suggest  internal  correla- 
tion of  groups  of  data  and  could  point  the  way  to  considerable  data-reductions 
possibilities.  Dynamometer  and  field  results  were  not  available  in  this  study,  but  the 
possibility  exists  that  if  these  results  were  included  along  with  the  graphical  presenta- 
tions, infonnation  on  the  relationships  between  laboratory,  chemical,  and  physical 
observations  and  dynamometer  and  fuel  observations  could  be  obtained.  The  graphical 
presentations  are  included. 
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The  application  of  these  statistics  to  selected  chemical  and  physical  data  obtained 
from  lubricating  oils  has  been  performed  in  a very  preliminary  *ay.  The  results  so  far 
onl>  suggest  certain  correlations  and  data-reduction  possibilities.  To  be  more  meaning- 
ful, a more  complete  inclusion  of  the  data  on  a greater  number  of  samples  is  warranted. 
The  uniqueness  of  the  distributions,  the  failure  of  the  distributions  to  approach 
normality,  and  the  apparent  negative  correlations  need  further  explanation. 

The  SPSS  statistical  package  or  some  variation  does  seem  to  offer  a possible 
method  tor  the  accomplishment  of  the  task  undertaken. 
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